Extrahepatic bile ducts are characterized by the presence of peribiliary glands (PBGs), which represent stem cell niches implicated in biliary regeneration.
Introduction
Large intrahepatic and extrahepatic bile ducts are characterized by the presence of peribiliary glands (PBGs), which are located within the bile duct wall and have been shown to harbor a heterogeneous population of stem cells, the biliary tree stem/progenitor cells (BTSCs). 1 Their stem cell properties, including self-replication and capability to differentiate into mature cells, have been characterized. 1 BTSCs and PBGs have been identified as key players in the pathogenesis of human cholangiopathies. 2, 3 Hyperplasia of peribiliary glands has been associated with the development of fibrosis in large bile ducts in patients with primary sclerosing cholangitis. 2 Damage to PBGs has been implicated in the development of nonanastomotic strictures (NAS) of the biliary tree, a complication emerging after orthotopic liver transplantation (OLT) and potentially leading to re-transplantation. 4 Interestingly, livers obtained from donors after circulatory death (DCD) are more likely to develop NAS compared to those obtained from brain-dead donors (DBD). 5, 6 The transplanted extrahepatic biliary tree experiences ischemia-reperfusion injury, which could be important in the pathogenesis of PBG damage. 4 Ischemia-reperfusion injury is associated with activation of signalling pathways involving hypoxia-inducible factor 1 (HIF-1) and vascular endothelial growth factor (VEGF). 7 The VEGF family includes signalling proteins which act on endothelial cell proliferation and vessel pathophysiology. 8 Interestingly, several epithelial cells have been shown to express VEGF pathway elements, which take part in the modulation of cell growth in both autocrine and paracrine manner. 9 However, little is known about the role of VEGFs in BTSC regeneration.
In the light of these observations, the aims of the present study were to investigate in transplanted bile ducts obtained from DBDs and DCDs: i) changes in PBG mass and morphology; ii) phenotypic changes in cells within PBGs; iii) integrity of the peribiliary vascular plexus (PVP); and, iv) expression of VEGF family members by PBGs.
DCD donors) at Queen Elizabeth Hospital Birmingham/University Hospitals Birmingham (UHB) National Health Service (NHS) Foundation Trust from July 2012 to March 2015, with a minimum follow-up of 12 months.
Baseline recipient characteristics were extracted from the hospital administrative databases at the time of admission; baseline bloods were extracted based on the last measurement before transplantation. Functional donor warm ischemia time is exclusively related to DCD donors and was defined as the time from the decline of patient's systolic arterial pressure below 50 mm Hg and/or arterial oxygen saturation below 70%, to cold perfusion. It includes the mandatory 5-min period of waiting, after asystole, before donor incision. Graft cold ischemia time was defined as the time from the cold perfusion to the liver out of ice before the implantation in the recipient. Recipient warm ischemia time was defined as the time from liver out of ice to hepatic artery reperfusion into the recipient.
The 
Histological assessments
The samples of transplanted extrahepatic bile ducts obtained from DBD (n=34) or DCD (n=28) donors were retrieved at the time of transplantation after portal and arterial reperfusion of the liver and before starting the biliary anastomosis. Samples were immediately preserved in 10% formaldehyde for 1-3 h and embedded in paraffin by a dedicated team of researchers to avoid delay between sample collection and fixation/storage. Routine histological stains including using hematoxylin-eosin (H&E) and Periodic acid-Schiff (PAS) were performed. Control samples included bile duct samples from DBD livers not used for transplantation (n=10). These samples were obtained at the moment of the organ explant, thus not experiencing any ischemia and serving as healthy controls. The walls of these ducts included PBGs characterized by almost normal histological appearances, as previously described. 1 The histological evaluation of bile duct injury was carried out using H&E stained sections of paraffin-embedded tissue samples. The degree of injury was graded using a scoring system as described in two previous studies 4, 10 (Supplementary Table  1 ). Moreover, severely damaged PBGs were identified as glandular acini displaying disrupted and detached epithelium and/or cells with pyknotic nuclei and distorted shape and are expressed as percentage of damaged PBGs over total PBGs per bile duct. The evaluation was performed on H&E and/or on slides processed for cytokeratin 7 immunohistochemistry (see below).
Immunohistochemistry and immunofluorescence
From each specimen, 3-μm sections were obtained. For immunohistochemistry, endogenous peroxidase activity was blocked by a 30-min incubation in methanolic hydrogen peroxide (2.5%). Antigens were retrieved, as indicated by the vendor, by applying Proteinase K (Dako, Glostrup, Denmark; code S3020) for 10 min at room temperature. Sections were then incubated overnight at 4°C with primary antibodies (Supplementary Table  2 12 Cytokeratin 7 was used as PBG marker based on our previous studies and the area occupied by cytokeratin 7 + PBGs was quantified using an image analysis algorithm and is expressed as percentage of the total bile duct wall area. 13 The expression of proliferation index in PBGs was calculated by immunohistochemistry for PCNA (proliferating cell nuclear antigen). Positive nuclei were automatically counted by an image analysis software (Aperio ImageScope System) and are expressed as percentage of positive cells within PBGs. The distribution of peribiliary vascular plexus (PVP) was evaluated on CD31-stained slides and expressed as number of vessels per high-powered field (HPF) and as proportion of vessels per PBG (PVP/PBG ratio). 14 For PAS and for immunohistochemistry for Sox9 (sexdetermining region Y-box 9, a progenitor cell marker), VEGF, and HIF-1α, the proportion of positive cells was automatically counted by an image analysis software (Aperio ImageScope System), then, a semi-quantitative (SQ) scoring system was applied (0= <5%; 1= 5-10%; 2= 11-30%; 3= 31-50%; 4= >50%).
11

Statistical analysis
Data are expressed as mean ± standard deviation. The Mann-Whitney U test was used to determine differences between groups. The Spearman nonparametric correlation were used. A P-value <0.05 was considered statistically significant. Analyses were performed using IBM SPSS software (IBM, Armonk, NY, USA).
Results
Histological assessment of extrahepatic bile ducts
Transplanted extrahepatic bile ducts showed variably higher degree of surface epithelial cell loss ( Figure 1A , yellow arrows), mural stroma necrosis, intramural bleeding, arteriolonecrosis, and inflammation compared to controls (Table 1) . Interestingly, no differences in histopathological damage was observed when ducts obtained from DBD were compared with those from DCD ( Table 2 ) except for the detachment/loss of cells in periluminal PBG (P= 0.022) and signs of peribiliary vascular plexus damage (P=0.043).
Assessment of peribiliary gland damage and mass in extra-hepatic bile ducts
The percentage of damaged PBGs was higher in transplanted (31.4±12.8%) compared to control ducts (4.7±3.1%; P<0.001, Figure 1B ). No differences in term of PAS positivity were detected between control and transplanted ducts ( Figure 1C) . However, the evaluation of PBG mass, conducted on cytokeratin 7-stained slides, indicated that transplanted extrahepatic bile ducts showed no difference in terms of PBG mass (1.61±0.91%) compared to control ducts (1.76±0.49%; P=0.635; Figure  2 ). In transplanted ducts, PBG mass inversely correlated with damaged glands (r= 0.478; P=0.045). According to the increased number of damaged PBGs, the study of apoptosis by TUNEL assay indicated that transplanted ducts showed Figure 4 ). No difference was revealed between DBD and DCD in terms of SOX9 expression.
Peribiliary Vascular plexus and expression of vascular endothelial growth factor pathway elements in PBGs
The evaluation of PVP was conducted on CD31 stained slides ( Figure 5 ). Transplanted extrahepatic bile ducts showed lower number of PVP vessels per field (5.2±3.0) compared to control ducts (14.2±2.6; P<0.001). Similarly, the PVP/PBG ratio was lower in transplanted bile ducts (0.57±0.30) compared to controls (1.1±0.2; P=0.002). The PVP/PBG ratio was inversely correlated with the percentage of damaged PBG in transplanted ducts (r= -0.578; P=0.039). No difference was found when DBD and DCD transplanted ducts were compared.
Then, the VEGF-A, VEGF-C, and HIF-1α expression by PBGs was evaluated ( Figure 6 ). VEGF-A but not VEGF-C (not shown) was expressed in PBGs. VEGF-A expression was significantly increased in transplanted extrahepatic bile ducts (SQ score: 2.3±1.1) compared to controls (SQ score: 1.2±0.4; P=0.007). Similarly, nuclear HIF-1α expression was significantly increased in transplanted extrahepatic bile ducts (SQ score: 2.2±1.2) compared to controls (SQ score: 1.1±0.6; P=0.031). VEGF-A expression correlated with SOX9+ PBG cells (r= 0.686; P=0.041). No difference was found when DBD and DCD transplanted ducts were compared.
Interestingly, VEGF receptor (VEGFR) Figure 6B ).
Discussion
The present study demonstrated that: i) PBGs in transplanted extrahepatic bile duct are diffusely damaged, particularly in ducts obtained from DCD compared to DBD; ii) PBGs in transplanted extrahepatic bile ducts are composed of a higher proportion of SOX9 + and PCNA + cells compared to controls; iii) PVP around PBGs is reduced in transplanted compared to control ducts; iv) VEGF signalling is highly activated in transplanted ducts.
PBGs are tubulo-alveolar glands located within the wall of large intrahepatic and extrahepatic bile ducts and are in direct communication with the bile duct lumen. PBGs are composed of mucinous and serous cells; [15] [16] [17] moreover, PBGs contain a subpopulation (nearly 10%) of multipotent stem cells, namely the biliary tree stem/progenitor cells (BTSCs). BTSCs can differentiate into mature cholangiocytes, hepatocytes and endocrine pancreatic cells. The stemness (i.e., self-replicative and differentiative capabilities) of BTSCs has been demonstrated both in vitro and in vivo. 18, 19 In murine models, BTSCs are activated in response to biliary injury. 20, 21 Accordingly, human chronic cholangiopathies are characterized by BTSC expansion. 18, 22 In primary sclerosing cholangitis, chronic inflammation induces BTSC activation, thus leading to PBG compartment expansion and driving fibrosis in the walls of large bile ducts; 2 furthermore, PBG niche can induce the remodelling of peribiliary vascular plexus via VEGF pathway. 14 Nevertheless, PBGs themselves can be affected during bile duct injury. [23] [24] [25] At OLT, the biliary tree is subjected to ischemia from the time of liver explant to reperfusion in the recipient; 4, 26 in this context, previous reports showed that transplanted bile ducts are characterized by extensive histological injury of bile duct wall, including also PBGs. 4 This injury was reduced in organs, which had undergone machine perfusion prior to transplantation, indicating how preventing ischemia can preserve bile duct and PBG integrity.
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Original Paper Table 1 . Histological scoring of control and transplanted extrahepatic bile ducts.
Control ducts
Transplanted ducts P-value (n=10) (n=62) Recently, an ex vivo model showed that the regeneration of ischemic injured surface epithelium in explanted biliary tree is ensured by BTSC activation. 28 In the present study, the response of PBG niche to bile duct injury in transplanted ducts was investigated. In our series, transplanted bile ducts were characterized by loss of surface epithelium, necrosis and inflammation. Compared to histologically normal controls, transplanted ducts did not differ in PBG mass extension but were characterized by a higher proportion of damaged PBGs. Remarkably, an increased percentage of damaged PBGs was observed in ducts obtained from DCD compared to DBD ones. This aspect is in accordance with the longer ischemic period time experienced by DCD organs. 5 The degree of PBG damage during the transplant procedure is clinically relevant due to its correlation with the development of non-anastomotic biliary strictures (NAS) within the first year after OLT, which often leads to liver re-transplantation. 4 When the phenotype of cells within PBGs was studied, we observed a higher proportion of cells expressing SOX9, a marker of stem/progenitor cells. 29 Generally, stem/progenitor cells are characterized by higher resistance to ischemia compared to mature cells. 30 In the biliary tree, mature cholangiocytes are highly susceptible to ischemic injury, 31 as also confirmed by extensive loss of surface epithelium in our series. Thus, the high proportion of SOX9 + BTSCs within PBGs suggests that these cells are more resistant to ischemic injury compared to mature cells. In keeping with that, PBGs in transplanted ducts were composed of a higher percentage of proliferating BTSCs compared to controls; hence in transplanted ducts, BTSCs are a relatively spared cell compartment and counteract the ischemic insult by a replicative response. Moreover, we did not find differences in term of mucous cells within PBGs between transplanted and control ducts. This suggests that response to ischemic injury implies different mechanisms compared to other human diseases determining PBG activation (i.e., primary sclerosing cholangitis) and characterized by high mucinous metaplasia. 2 Besides PBGs, bile duct injury in transplanted ducts also involves vessels within duct walls. Transplanted ducts were characterized by an overall lower extent of PVP compared to controls. Most interestingly, the reduction of vessels around PBGs in transplanted duct was correlated with PBG damage. These results indicate that ischemic injury could be accentuated by the destruction of PVP around PBGs. Thus, we further evaluated the activation of VEGF pathway in transplanted bile ducts. VEGF is a family of related growth factors that includes VEGF-A, -B, -C, -D, and -E and placenta growth factor. 9 VEGF-A is a mitogen for vascular endothelial cells and regulates vascular pathophysiology, including vasodilatation, vascular permeability, migration, and survival of endothelial cells. Three main receptors have been identified for VEGF (VEGFR), VEGFR-1 (Flt-1), VEGFR-2 (Flk-1), and VEGFR-3 (Flt-4) . While VEGF-A interacts with VEGFR-1 and VEGFR-2, VEGF-C interacts with VEGFR-2 and VEGFR-3. 8 The expression of VEGF and its receptors is not restricted to vascular endothelial cells; VEGF is secreted by several epithelia, where it modulates cell growth by autocrine and paracrine mechanisms. Particularly, it has been shown that in experimental models of biliary tree regeneration, cholangiocytes can secrete VEGFs and express VEGFR-2 and VEGFR-3; 9,31,32 in turn, VEGF can induce cholangiocyte proliferation and mediate the adaptive proliferative response of cholangiocytes to cholestasis. Moreover, VEGF-A secreted by proliferating cholan- giocytes in response to damage can induce PVP remodeling. 9, 33, 34 Similarly, hepatic progenitor cells are activated in human chronic pathologies 35 and can secrete VEGFs and drive neo-angiogenesis within their niche. 36 In the present study, we demonstrated that PBGs can produce VEGF-A but not VEGF-C in response to ischemic injury in extrahepatic bile ducts; this could be interpreted as a putative response to PVP impairment. In keeping, VEGF-C is a key driver of lymphangiogenesis, 37 thus its expression could be not stimulated in PBGs by ischemic condition experienced by transplanted ducts. In parOriginal Paper allel with VEGF-A expression, we observed a higher percentage of HIF-1α positive PBGs in transplanted bile ducts compared to controls; this in accordance with previous evidence that VEGF-A secretion by epithelial cell is induced via a HIF-mediated pathway in response to ischemia. 7, 38 Interestingly, PBGs in transplanted bile ducts were positive for VEGFR-2, suggesting that VEGF-A could also have a paracrine/autocrine effect on BTSCs. In conclusion, this study confirms that the PBG compartment is damaged in transplanted ducts during OLT procedures; however, PBG integrity could play a rele- vant role in reconstituting biliary surface epithelium and PVP after ischemic injury by means of VEGF-A expression, thus implicating the presence of an interplay that could be necessary for appropriate biliary restoration after OLT procedure. Clinically, these aspects are particularly relevant since they could be implicated in the pathogenesis of NAS in transplanted livers, which often leads to liver re-transplantation. 
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